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Complete genome sequencing of the P335 temperate Lactococcus lactis bacteriophage fLC3 (32, 172 bp) revealed fifty-one open reading
frames (ORFs). Four ORFs did not show any homology to other proteins in the database and twenty-one ORFs were assigned a putative
biological function. fLC3 contained a unique replication module and orf201 was identified as the putative replication initiator protein-
encoding gene. fLC3 was closely related to the L. lactis r1t phage (73% DNA identity). Similarity was also shared with other lactococcal
P335 phages and the Streptococcus pyogenes prophages 370.3, 8232.4 and 315.5 over the non-structural genes and the genes involved in
DNA packaging/phage morphogenesis, respectively. fLC3 contained small homologous regions distributed among lactococcal phages
suggesting that these regions might be involved in mediating genetic exchange. Two regions of 30 and 32 bp were conserved among the
streptococcal and lactococcal r1t-like phages. These two regions, as well as other homologous regions, were located at mosaic borders and
close to putative transcriptional terminators indicating that such regions together might attract recombination. The conserved regions found
among lactococcal and streptococcal phages might be used for identification of phages/prophages/prophage remnants in their hosts.
D 2003 Elsevier Inc. All rights reserved.Keywords: Temperate; Bacteriophage; Genome sequence; Lactococcus lactis; Streptococcus pyogenes; Comparative analysis; Genetic exchangeIntroduction
The lactic acid bacteria (LAB) Streptococcus thermophi-
lus, Lactococcus lactis and different species of Lactobacil-
lus are widely used as starter strains in industrial milk
fermentation. Bacteriophages attacking these bacteria affect
the fermentation process that may result in an economical
loss for the dairy industry (reviewed in Coffey and Ross
(2002) and Moineau et al. (2002)). The complete genome
sequence from at least 20 dairy phages, thereof 12 from L.
lactis, have been reported (Chopin et al., 2001; Desiere et
al., 2002; Labrie and Moineau, 2002). Thus, the lactococcal
phages are currently the best-studied phage systems with
respect to their genome data, in addition to the lambdoid
group of phages and the mycobacteriophages (Bru¨ssow,0042-6822/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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The organization of the structural genes of dairy phages
resembles that of the lambdoid phages (Bru¨ssow, 2001;
Chandry et al., 1997; Lucchini et al., 1999a).
Lactococcal phages are differentiated into twelve phage
species (Jarvis et al., 1991), of which 936, c2 and P335, are
frequently found in the dairy environment (reviewed in
Coffey and Ross, 2002). These phages belong to the
Siphoviridae family and contain double-stranded DNA
and a long noncontractile tail (Ackermann, 1999). The
936- and c2-species contain only virulent phages, while
the P335 species contains both temperate and virulent
phages (for reviews see Desiere et al., 2002; Moineau et
al., 2002). Phages sk1 and bIL170 (936 species) share more
than 80% DNA sequence identity (Desiere et al., 2002),
while c2 and bIL67 (c2 species) share about 65% DNA
sequence identity (Labrie and Moineau, 2002). Full-length
genome alignments of seven P335 phages (bIL285, bIL286,
bIL309, ul36, r1t, Tuc2009 and TP901-1) show that they
share 7–51% DNA identity (Chopin et al., 2001; Labrie and
Moineau, 2002). It has also been reported that Tuc2009 and
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genomes (Desiere et al., 2001b). BK5-T is the only member
of the BK5-T species (Jarvis et al., 1991), but Labrie and
Moineau (2002) show that BK5-T shares 5–44% DNA
sequence identity to P335 phages and propose BK5-T as a
member of the P335 species. The human pathogenic GAS
strains Streptococcus pyogenes SF370, MGAS315 and
MGAS8232 contain 4, 6 and 8 prophages, respectively, in
which the prophages 370.3, 315.3 and 8232.4 from strain
SF370, MGAS315 and MGAS8232, respectively, belong to
the same genetic group (Beres et al., 2002; Ferretti et al.,
2002; Smoot et al., 2002). The prophages 370.3 and 370.2
of S. pyogenes SF370 show similarity to r1t and Tuc2009,
respectively (Desiere et al., 2001b).
Several suggestions have been made to improve the
classification of phage taxonomy (Lawrence et al., 2002;
Proux et al., 2002; Rohwer and Edwards, 2002). Proux et
al. (2002) propose that Siphoviridae phages of lactic acid
bacteria be grouped into five genera (c2-, sk1-, Sfi11-
Sfi21- and r1t-like phages) based on comparative genomics
of their structural genes. Here, the cos-site BK5-T and the
pac-site Tuc2009 and TP901-1 belong to the Sfi21- and
Sfi11-like phages, respectively, while the cos-site phage r1t
is the only lactococcal member of its group (r1t-like). The
structural gene cluster of r1t does not resemble any other
lactococcal phages in its organization, and shows DNA
and protein similarity to the distantly related phages of S.
pyogenes and Mycobacterium, respectively (Bru¨ssow and
Desiere, 2001; Desiere et al, 2001a, 2000b). A phage
proteomic tree has been constructed in which the Sipho-
viridae was separated into at least five subgroups of
Siphophages; sk1-, E-, TP901-1-, Sfi21-like and one un-
classified group containing r1t (Rohwer and Edwards,
2002).
The modular theory of phage evolution in which phages
contain genes organized in functional modules that carry out
dedicated biological functions (Botstein 1980) was outlined
on the basis of comparative genomics of lambdoid phages
(Casjens et al., 1992). Several studies on L. lactis phages
also support this modular theory of phage evolution (Bou-
chard and Moineau, 2000; Desiere et al., 2002; Labrie and
Moineau, 2002). It appears that the majority of double-
stranded tailed phage genomes have a mosaic structure and
that these phages have access to a shared gene pool and a
common ancestor (Casjens et al., 1992; Hendrix et al.,
1999). The modules consist of single, multiple genes or
gene segments encoding protein domains and can be ex-
changed between phages. Such mosaic borders are located
at either gene or protein boundaries and are often separated
by sharp transition zones. Such zones are located between
homologous and divergent sequence segments and are
probably derived from illegitimate and homologous recom-
bination (Bru¨ssow and Desiere, 2001; Hendrix et al., 2000;
Juhala et al., 2000; Lucchini et al., 1999b).
We have been studying the P335 L. lactis temperate cos-
site dairy phage fLC3 and have previously identifiedseveral genes; orf286 (phage repressor), orf63 (a putative
transcriptional effector), orf76 (cro-like gene), int/orf374
(integrase), lysB/orf429 (lysin) and lysA/orf88 (holin) (Bir-
keland, 1994; Blatny et al., 2001, 2003; Lillehaug and
Birkeland, 1993). A transcriptional analysis of the fLC3
lysogeny-related genes has also been outlined (Blatny et al.,
2003). In this report, we present the complete genome
sequence of fLC3 and a comparative analysis with other
Siphoviridae dairy phages.Results and discussion
Genomic organization of bacteriophage fLC3
The fLC3 genome consists of 32,172 bp with a GC-
content of 35.5% that is similar to its host L. lactis (34.8–
35.6%) (Schleifer et al., 1985). Thus, fLC3 contains the
smallest genome of the completely sequenced temperate
P335 phages (Desiere et al., 2002; Proux et al., 2002).
Maximum deviations from the average GC-content of fLC3
was found mainly in orf52 (30.2%), orf254 (31.9%), mhp
(orf298-a)(42.1%) and orf87 (31.1%), and within a 550 bp
N-terminal region of orf385 (30.5%) and nps (orf672)
(29.6%) (data not shown).
Bioinformatic analysis revealed 51 open reading frames
(ORFs) constitutingf93% of the fLC3 genome sequence.
These ORFs are organized in two divergently orientated
clusters of 3 and 48 genes originating from the P1 and P2
promoters, respectively. A total of five promoters and five
transcriptional terminators have been verified experimental-
ly (Fig. 1A). The terminators located downstream of sie/
orf173 and int/orf374 are conserved among lactococcal
phages (Blatny et al., 2003; Lillehaug and Birkeland,
1993; Petersen et al., 1999). Ten regions with a size range
of 60 bp to 1096 bp constituting f10% of the fLC3
genome did not share DNA identity with the nucleotide
sequences deposited in the databases (Fig. 1A).
The genetic organization of the fLC3 genome was
similar to that of temperate Siphoviridae from low GC-
content bacteria (Bru¨ssow, 2001; Desiere et al., 2002) and
the genome could be divided into seven functional mod-
ules (Fig. 1). Protein similarity was mainly found among
the lactococcal P335 species group (Table 1). Only three
ORFs (ORF112, BPP, NPS) shared similarity with the 936-
and c2-like phages, while Ant was the only product
showing similarity to phage-derived products of Gram-
negative bacteria. Homologous gene products to Int,
ORF110, Ant, RusA, ORF79-a, ORF225, ORF190 and
dUTPase seemed to be widespread among several P335
phages (Table 1).
fLC3 shared a high level of DNA sequence similarity
with r1t (73%), Tuc2009 (56%) and TP901-1 (52%). DNA
identity was also shared with BK5-T, bIL285 and ul36
(Fig. 2). In particular, fLC3 shared DNA and protein
identity with the r1t structural gene cluster. In general,
Fig. 1. The genome organization of the lactococcal phage fLC3 and the alignment of the genetic maps from the temperate L. lactis phages fLC3, Tuc2009, r1t and the S. pyogenes prophages 370.3, 8232.4 and
315.3. fLC3 gene products are named according to their putative function or by the number of their amino acid residues. Genes encoding putative proteins sharing significant amino acid (aa) similarity are linked
by grey shading: 100–80% similarity, ; 80–60% similarity, ; 60–40% similarity, ; <40% similarity, not shown. The borders of the modules were tentatively noted according to Desiere et al. (2001b,
2002) and corresponding modules were marked with the same color: red, lysogeny; light blue, replication; green, transcriptional regulation; orange, DNA packaging and head morphogenesis; yellow, tail
morphogenesis; dark blue, tail fibre; pink, cell lysis; grey, phage novel genes; hatched ORFs, intron; white, unknown. (A) Alignment of the genetic maps from fLC3 and Tuc2009. The 15-, 16- and 42-bp direct
repeats are indicated by R1, R2 and R3, respectively. The promoters P1, P2, P173, P374 and P87 have been experimentally identified (Blatny et al., 2001, 2003). P95 shares similarity with the promoter P566 – 888 of the
lytic L. lactis phage f31. Experimentally identified and predicted transcriptional terminators are indicated by and , respectively. For the latter, only terminators with DG values V10 kcal/mol are shown.
Unique DNA regions are represented by . (B) Alignment of the genetic maps from fLC3, r1t, 315.3, 8232.4 and 370.3. The dotted lines above the fLC3 map represent protein similarity to
Mycobacteriophages (see also Table 1). The vertical arrows pointing at fLC3 represent the conserved 30- and 32-bp sequences.
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Table 1
General features of the annotated ORFs on the genome of the L. lactis temperate bacteriophage fLC3
ORFa RBSb AGAAAGGAGGT Start Stop kDa Function/Similarityc Identityd aa (%)
ORF374 ATGAGGTATAAAAAGCAAATATG 1218 94 43.2 Integrase
Integrase bIL285, BK5-T,
Tuc2009, r1t
374 (98)
Integrase bIL309 377 (40)
ORF173 GGTTAGGAAATATAAACATTATG 1860 1339 18.7 Phage exclusion
ORF2 r1t, Sie2009 Tuc2009 173 (78)
ORF286 TTTTCTTATATAATGTGTTTATG 2781 1921 32.2 Repressor
ORF4 Tuc2009 286 (98)
Repressor r1t, bIL309 270 (80)
ORF35 BK5-T 285 (74)
Putative repressor 370.3, 370.2 282 (27)
ORF63 TAAAAAGCCCTCGCAGGCAAAATG 3010 3201 7.5 Putative transcriptional effector
ORF36 BK5-T 63 (98)
Unknown TPW22 55 (94)
Repressor bIL309 55 (96)
ORF61a ul36 61 (59)
ORF61b L. lactis strain SMQ-86 61 (57)
ORF76 AGGGGCAGAAAGGAGCCAGTATG 3222 3452 8.7 Cro
ORF5 Tuc2009 76 (100)
Cro-like S. aureus phage phi11 63 (44)
Putative Cro 8232.2 56 (48)
ORF236 TAGTTAGAAAGGATTCAAAAATG 3466 4176 27.6 Antirepressor
Antirepressor bIL286 235 (98)
ORF6 Tuc2009 238 (87)
ORF238 f31.1 233 (86)
Antirepressor bIL285, TP901-1 139 (95)
P1-type antirepressor 370.2 137 (46)
ORF110 AAGAATAGAGAGGAAAATCCATG 4189 4521 12.9 ORF7 bIL285, Tuc2009,
ORF39 BK5-T
109 (98)
ORF6 r1t 110 (99)
ORF111a ul36, ul31.1, ORF111b
L. lactis strain SMQ-86
109 (96)
ORF9 bIL309 110 (76)
ORF82 TTCAGGAGGAAGTAAATAAAATG 4523 4771 9.4 ORF8 TP901-1, ORF7 r1t 82 (97)
ORF57 CAAAAGTTGGCGGTGATGAAATG 4768 4941 6.8 ORF9 TP901-1, ORF8 r1t 58 (93)
ORF61b ul36.1, ul36.2,
L. lactis strain SMQ-86
58 (89)
ORF57 f31.1 55 (94)
ORF61a ul36 58 (84)
ORF245 AAGAAACGGAGAATTTAAAAATG 5042 5779 27.8 ORF245 f31.1, ul36.1, ul36.2,
L. lactis strain SMQ-86
245 (77)
ORF18 370.2 189 (32)
ORF346 AACAGCGGAGGATTTCTAAATG 5781 6821 40.2 ORF364 f31.1, ul36.1, ul36.2,
L. lactis strain SMQ-86
346 (75)
ORF19 370.2 217 (35)
ORF86-a ATAACAAGAAGTATTACTACATG 7111 7371 10.0 Putative protein 8232.5 86 (65)
gp49 L. monocytogenes phage A118 86 (26)
ORF20 S. aureus phage phiPV83 85 (31)
ORF201 GGAATAATGGAGCAATTTATATG 7385 7990 23.4 Replication protein
REP ORF13 TP901-1 123 (29)
BH3542 B. halodurans strain C-125 72 (30)
ORF85 AGAATTCGAGGAATATATGAATG 7974 8231 9.8 ORF14 TP901-1, ORF73 f31.1,
ul36.1, L. lactis strain SMQ-86
70 (50)
ORF50 BK5-T 64 (53)
ORF129 TGCTAGATTTGGATAAGCAAGTG 8236 8625 15.7 Resolvase
RusA bIL285, ORF51 BK5-T,
ORF14 r1t
129 (88)
ORF129 ul36, ORF19 Tuc2009 129 (87)
ORF17 370.1 108 (27)
ORF79-a AAATTACAGAGGTATAAACCATG 8622 8868 9.4 ORF16 r1t, ORF20 Tuc2009,
ORF52
78 (89)
BK5-T, ORF129 ul36.1, ORF20
bIL285, ORF21 bIL286
71 (90)
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Table 1 (continued )
ORFa RBSb AGAAAGGAGGT Start Stop kDa Function/Similarityc Identityd aa (%)
ORF225 TAAAATATGAGGTGTTAAATATG 9065 9742 26.4 ORF17 r1t, ORF21 Tuc2009,
Q30, ul36a
57 (98)
ORF18 r1t, ORF22 Tuc2009,
Q30, ul36a
167 (34)
ORF10 f31, P270 57 (96)
ORF11 f31, P270, 167 (34)
ORF23 bIL286, ORF22 bIL285 57 (94)
ORF24 bIL286, ORF23 bIL285 164 (33)
ORF190 ATTAAGAGAGGACACGAAAAATG 9796 10368 22.2 ORF24 Tuc2009 196 (70)
ORF27 bIL285, ORF23 bIL309 152 (84)
ORF237 ul36 140 (62)
ORF19 r1t 136 (36)
ORF27 bIL286 176 (33)
ORF141 GTGCCTGTGGAGGACGGAGAATG 10365 10790 15.5 dUTPase
ORF21 DUT TP901-1, ORF20
dUTPase r1t
139 (99)
dUTPase bIL309, bIL285, ORF25
Tuc2009
139 (98)
dUTPase bIL286, ORF139b
f31.1, L. lactis strain SMQ-86
dUTPase ul36
139 (93)
dUTPase L. lactis abiN operon 139 (89)
dUTPase S. pyogenes strains
SF370, MGAS8232 and
MGAS315
144 (52)
ORF89 TCAACTGGGGAGGTGTGGGAATG 10787 11056 9.7 ORF118a ul36, ul36.1 63 (88)
ORF22 TP901-1 55 (96)
ORF26 Tuc2009 91 (57)
ORF21 r1t 89 (55)
ORF118b L. lactis strain SMQ-86 66 (48)
ORF112 GCAGCGATTGGAGGGGATTAATG 11056 11394 11.7 ORF31 bIL286 110 (84)
ORF56 BK5-T 106 (86)
e22 bIL170 106 (85)
ORF29 sk1 106 (84)
ORF106 GATATACCGGGAGGTAGACCATG 11391 1711 11.8 ORF34 bIL285 98 (91)
ORF178 GATATACCGGTAGGTAGACCATG 11708 12244 20.8 ORF24 r1t 173 (97)
ORF1 f31 154 (95)
ORF143 ATATAAGGAGTTAAGACACTATG 12328 12759 17.3 Transcriptional activator
ORF25 r1t 143 (100)
ORF2 f31 143 (99)
ORF95 TGGTGCGCATCGTGTAGCCTTTG 12928 13215 11.0 HNH endonuclease
ORF26 r1t, ORF3 f31 86 (91)
Putative protein 8232.4 85 (68)
ORF19 370.3 76 (72)
gp92 Mycobacteriophage TM4 49 (48)
ORF54 AAGCCGTGATTGGTCTTCTTATG 13205 13369 6.3 No homology
ORF409 CTTTAGAAAGGAGCAAAAAATTG 13362 14591 45.9 Portal protein
ORF5 f31, ORF27 Por r1t 409 (97)
ORF21 370.3 406 (65)
Putative protein 8232.4 269 (66)
53.7 kDa protein
Mycobacteriophage
L5, gp14 Mycobacteriophage D29
308 (25)
ORF52 ACTGGAATAGAGGGTGGCGAATG 14588 14746 6.2 No homology
ORF254 TTTATAGGCGGTGAGTAATAATG 14760 15524 29.3 ORF28 r1t 254 (98)
ORF22 370.3 245 (48)
Putative protein 8232.4 244 (50)
ORF469 TAGATTGAAGGAGGAGTAACATG 15575 16984 53.3 Large terminase subunit
ORF29 r1t TerL 469 (98)
ORF26 370.3, Putative protein
8232.4
461 (70)
Terminase gp4 Mycobacteriophage
TM4
417 (26)
(continued on next page)
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Table 1 (continued )
ORFa RBSb AGAAAGGAGGT Start Stop kDa Function/Similarityc Identityd aa (%)
ORF154 GCAGGAGAAAGGATTTGACTATG 17057 17521 17.2 Scaffolding protein
ORF30 r1t Sca 154 (99)
ORF27 370.3, Putative protein 8232.4 156 (44)
gp8 Mycobacteriophage TM4 120 (31)
ORF298-a AAACAGAAGGAGAATAAAACATG 17525 18421 32.2 Major head protein
ORF31 r1t MHP 298 (98)
ORF28 370.3, Putative protein 8232.4 296 (63)
ORF99 AATTAATAAGGAGGTATTAAATG 18436 18735 11.5 ORF32 r1t 99 (98)
ORF29 370.3, Putative protein 8232.4 93 (25)
ORF40 370.2 71 (23)
ORF132 GGAGCAAGGAAAGGAGTAATATG 18737 19135 14.7 ORF33 r1t 132 (96)
ORF30 370.3, Putative protein 8232.4 130 (69)
ORF104 GAATGATTAAGGGAATTGCTGTG 19146 19460 11.9 ORF34 r1t 110 (88)
ORF31 370.3 108 (58)
Putative protein 8232.4 103 (57)
ORF78 GAAAGTGACGGTGGAACATTATG 19453 19689 8.7 ORF35 r1t 78 (100)
ORF32 370.3, Putative protein 8232.4 78 (66)
gp12 Mycobacteriophage TM4 63 (34)
ORF111 TTTTAAAGGCGGTGCGTTAAATG 19690 20025 129 ORF36 r1t 111 (99)
ORF33 370.3 111 (63)
Putative protein 8232.4 296 (63)
Putative protein S. agalactiae strain
2603V/R
111 (62)
ORF185 TCATTATTAGGAGGATTAAAATG 20036 20593 19.9 Major tail protein
ORF37 r1t MTP 185 (98)
Unknown S. mitis prophage SM1 180 (62)
ORF34 370.3, Putative protein 8232.4 177 (60)
gp14 Mycobacteriophage Che9d 60 (35)
gp14 Mycobacteriophage TM4 48 (27)
ORF86-b AAATAAAGAAAGCGAGAAATATG 20671 20931 99.4 ORF38 r1t 86 (84)
ORF35 370.3, Putative protein
8232.4
86 (39)
ORF2 S. mitis prophage SM1 84 (39)
ORF124 TAAAAAACTAATTCTCCTTGCCAGAATG 20946 21320 14.4 ORF39 r1t 80 (100)
ORF3 S. mitis prophage SM1 124 (54)
ORF35 370.3, Putative protein
8232.4
123 (50)
ORF843 CAAAAAGGAGGAGGAAGTTAATG 21329 23851 87.1 Tape measure protein
ORF42 r1t 657 (81)
ORF37 370.3 765 (44)
PblA S. mitis prophage SM1 396 (54)
ORF40 r1t 201 (83)
Putative protein 8232.4 179 (58)
gp26 Mycobacteriophage L5 79 (24)
gp26 Mycobacteriophage D29 64 (23)
ORF298-b ACTTTTAGAAAGGAGAAATAATG 23864 24760 33.1 ORF43 r1t 298 (92)
ORF385 AATAATAGGAGTGTAAGAGTATG 24765 25922 43.9 ORF44 r1t 385 (98)
ORF343 ATTATTAAAAGGAGAATAAAATG 25919 26950 37.7 Base plate protein
ORF45 BPP r1t 246 (82)
BPP ORF49 TP901-1 151 (77)
ORF18 BK5-T 104 (33)
lytic phage sk1 112 (33)
ORF74 AGATTAAGAAAGTAGGGGTTATG 26964 27188 8.6 ORF50 TP901-1 74 (98)
ORF25 BK5-T, ORF58 bIL286 73 (97)
ORF60 bIL285, ORF54 Tuc2009 74 (94)
ORF672 TACTTTAAAAGGAATACCCAATG 27201 29219 72.2 Neck passage structure
ORF47 r1t, ORF51 NPS TP901-1 681 (77)
ORF55 Tuc2009 696 (71)
Gene 112 protein bIL170 673 (71)
ORFL12 phage phi41 589 (73)
ORF59 bIL286 385 (80)
ORF88 ATAAAAAATAGGAGAGTAAAATG 29244 29510 9.7 Holin
Holin Tuc2009, TP901-1
Putative holin L. casei 77 (31)
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ORFa RBSb AGAAAGGAGGT Start Stop kDa Function/Similarityc Identityd aa (%)
ORF429 GATAAATCAGAGGAAAACAAATG 29517 30796 46.3 Lysin
Endolysin phage phiAM2 429 (96)
Lysin TPW22, TP901-1, Tuc2009 429 (95)
Lys44 O. oeni temperate phage 433 (48)
Lysin L. oenos phage 10MC 433 (47)
Putative lysine 370.2 136 (49)
ORF79-b GTGATAAATTGCGGATTATAGTG 31024 30785 9.5 No homology
ORF87 CTTTTTTAAAAATAGAAGCGATG 31512 31775 9.9 No homology
ORF80 TTTGCTGATATATGGTTAATATC 31803 32045 9.1 Unknown
ORF58 Tuc2009, ORF50 r1t 50 (90)
a The names of the ORFs are based on the number of amino acid residues of the (putative) gene product.
b The 20-bp nucleotide sequence upstream of the translational start site of each orf is shown and the nucleotides complementary to the 3Vend of 16S rRNA of L.
lactis (5VUCUUUCCUCCA ) (Ludwig et al., 1985) are underlined. The start codon is enlarged.
c Only up to the five best (different) matches with different percentage identity are shown, except for orf225 to highlight the gene split. All phages noted are
from L. lactis unless otherwise stated, except for prophages 370.1, 370.2 and 370.3 of S. pyogenes strain SF370 and prophages 8232.2, 8232.4 and 8232.5 of S.
pyogenes strain MGAS8232. bIL285, bIL286, bIL309, bIL311 are prophages of the L. lactis strain IL1403. The percentage for amino acid identity shared
between gene products of fLC3 and Mycobacteriophages in Fig. 1B are also given.
d The number of amino acids over which the percentage identity was determined, followed by the percentage identity in ( ).
Table 1 (continued )
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especially to Tuc2009 and TP901-1 (Table 1; Figs. 1 and 2).
Assignment of ORFs and comparison with L. lactis r1t and
Tuc2009
Twenty-one ORFs were assigned putative biological
functions, four ORFs (ORF54, ORF87, ORF79-b, ORF52)
did not show any homology to other proteins in the data-
bases, and twenty-six ORFs showed homology to gene
products without any proposed function (Table 1). Only
ORFs with unique features are further discussed.
Ant
Phage antirepressors (Ant) are characterized by a two-
domain structure (Lucchini et al., 1999a). An alignment of
the putative Ant from fLC3 and other L. lactis temperate
phages showed that fLC3 Ant contains a N-terminal and a
C-terminal domain of Ant from Tuc2009 and TP901-1,
respectively (data not shown). The N-terminal domain of
fLC3 Ant differs from Tuc2009 Ant in 22 amino acid
residues suggesting that this domain might be significant for
its putative role in the regulation of the two phage lifecycles.
The antirepressor of the Salmonella phage P22 inhibits
DNA binding of the phage repressor to the genetic switch
region enhancing lytic growth of the phage (Wagner and
Simons, 1994).
ORF346, ORF245
To our knowledge, fLC3 is the only temperate lacto-
coccal phage that seems to have acquired orf245 and orf346
from L. lactis strain SMQ-86, which is the host strain of the
lytic phage ul36 (Table 1). However, Bouchard and Moi-
neau (2000) report that ul36.1 and ul36.2, recombinant lytic
phages, have obtained these two putative genes by DNA
exchange with SMQ-86.ORF201
The putative fLC3 replication initiator protein shared
30% similarity to the identified Rep protein of TP901-1
(Table 1; Desiere et al., 2001b). ORF201 contains two
clusters of repeats (Fig. 3) suggesting that it belongs to
the group of iteron-regulated replication proteins (del Solar
et al., 1998); cluster 1 consists of six 9 bp direct repeats (1–
6) in which three repeats (1, 2 and 6) show small deviations
to the consensus sequence. Repeat 1 is located 35 bp
upstream of repeat 2. Four iterons in cluster 1 are arranged
as two groups of tandem repeats (iteron 2 and 3, iteron 5 and
6) separated by 9 bp. This is almost the same size as the
helical periodicity of double-stranded DNA. Cluster 2 con-
tains two 7 bp direct repeats 21 bp downstream of cluster 1.
The AT-content of the 70 bp sequence downstream of
cluster 2 is 73.2%. AT-rich regions nearby the repeats are
commonly found in replication origins acting as a putative
site for duplex opening. In general, the replication module
of lactococcal phages shows a high level of genetic diver-
sity. The replication initiator proteins seem to be phage-
specific and only few homologous replication proteins have
been identified, while the neighboring gene products may
share sequence similarity. In contrast, this module is usually
conserved among S. thermophilus phages (Bouchard and
Moineau, 2000; Desiere et al., 1997; Østergaard et al.,
2001).
ORF225
orf225 is located within a conserved region in which two
orfs are commonly found among P335 phages (Labrie and
Moineau, 2000). It is tempting to speculate that fLC3
orf225 has diverged into r1t orf17 and orf18, or vice versa
(Table 1; Fig. 1B). ORF225 contains a DNA-binding
domain with a HTH motif between residues 126 and 147
(90% probability). Three 10 bp direct repeats and one of 9
bp were located within a 150 bp region at the C-terminal
Fig. 2. Dot-plot analysis of lactococcal phage genomes at the nucleotide level; fLC3 (horizontal) versus r1t, Tuc2009, TP901-1, BK5-T, bIL285 and ul36. The
comparison window and the stringency was 50 and 30 bp, respectively.
Fig. 3. The orf201 gene encoding the fLC3 replication initiator protein.
The closed and open arrows indicate the direct repeats in cluster 1 and 2,
respectively, which are separated by 21 bp. The consensus sequence of the
repeats is shown above and the deviations from the consensus of the repeats
are given in bold.
J.M. Blatny et al. / Virology 318 (2004) 231–244238part of orf225, suggesting that this region may be involved
in some kind of regulation.
ORF52, ORF54
orf52 seemed to be neatly inserted into fLC3 between
the portal gene (por/orf409) and orf254, where the mosaic
boundaries corresponded to the gene boundaries. The
counterparts of ORF52 and ORF54 were not found within
the otherwise identical structural gene module of r1t and
the putative orf54 overlaps the cos-site of fLC3 (Fig. 1B).
This is in contrast to r1t and f31 where the cos-site is
located between two orfs. Still, fLC3 and r1t shared DNA
identity over the cos-region. No other lactococcal bacter-
iophages have been reported to contain a cos-site within a
coding region, but the S. pyogenes prophage 370.3 con-
tains a putative orf at the equivalent position of orf54
(Fig. 1B).
The structural proteins
The cos-site phages fLC3, r1t, f31 and c2 possess only
a recognizable large terminase subunit (TerL), while both
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phages TP901-1, Tuc2009 and ul36. The por gene is located
upstream of terL and adjacent to the cos-site in r1t and
fLC3, while it is located downstream of terL within pac-
site phages (Fig. 1A). However, the genomic position of
orf254 suggested that this gene might encode an analogue of
the small terminase subunit.
ORF843 (tape measure protein, TMP) is the largest
fLC3 encoded product and is not interrupted by an intron
as it is in r1t (Fig. 1B). In several bacteriophages the genes
located between MTP (major tail protein, fLC3 ORF185)
and TMP are commonly involved in the formation of a tail
initiator complex (Pedersen et al., 2000). Thus, ORF124 and
ORF86-b may be analogues of the E protein T and G,
respectively, that are involved in the assembly of the tail
shaft. orf124 does not have a good RBS (Table 1), and its
translation might be caused by a (1) frameshift starting at
the slippery sequence 5VAAAAAAC, 17 bp upstream of its
start codon, and within the coding part of orf86-b. A
frameshift at this site would yield a 216 residue ORF86-b-
ORF124 fusion protein, similar to that of the E gene T
(Levin and Hendrix, 1993). A translational frameshift is also
present in the tail morphogenesis module of TP901-1 phage
genome (Pedersen et al., 2000). orf112 (Table 1) contains an
internal translational start (GTG) 33 bp downstream of the
proposed ATG start, but with a poor RBS site. A potential
frameshift may cause translation of this orf (orf100) in
which a 1 frameshift at the sequence 5V-AAAAAG in
orf89 would yield a 202 amino acid ORF89-ORF100 fusion
protein.
The fLC3 baseplate protein (BPP) ORF343 is larger (a
two-fold) than the identified BPP of TP901-1 (Pedersen et
al., 2000) and Tuc2009. This suggests that the fLC3 BPP
may show differences in structure and function compared to
BPP of other lactococcal phages. A stretch of 23 amino acid
residues seemed to be conserved among fLC3, Tuc2009,
r1t and TP901-1. In contrast to r1t and Tuc2009, TP901-1
and fLC3 are both able to infect the L. lactis subsp.
cremoris strains 3107 and Wg2. This may be partly
explained by the identical 128 residues at the C-terminal
part of BPP from fLC3 and TP901-1. It has been shown
that TP901-1 BPP is essential for adsorption of the phage to
the lactococcal 3107 host cells (Pedersen et al., 2000). A
putative additional start codon, TTG and GTG of the fLC3
and r1t BPP, respectively, was found at codon position 177
within the same translational frame. Thus, the first 176
residues of the r1t and fLC3 BPP may not take part in
encoding this protein.
ORF672 shared a high level of protein similarity to the
neck passage structure proteins (NPS) of P335 phages. It
belongs to a family of phage modular structure proteins
containing three domains in which the V domain is a
variable intermediary domain flanked by conserved amino
acid sequences characteristic for P335 phages (Crutz-Le
Coq et al., 2002). The V domain of fLC3 ORF672 is
located within the unique DNA region of orf672 (Fig. 1A)and did not show any similarity with other such domains.
This suggested a new subgroup of variable domains of
lactococcal phages.
ORF79-b, ORF87 and ORF80
orf79-b, orf87 and orf80 are located within a region
containing lysogenic conversion genes (Desiere et al.,
2002), in which ORF87 and ORF79-b lacked a database
match. fLC3 differs from r1t and Tuc2009 by containing
two putative ORFs (instead of one) between the lysogeny
and lysis modules (Fig. 1). The orf79-b gene is divergently
orientated compared to the surrounding orfs. Similar located
and divergently orientated orfs have not been reported
within other lactococcal phages, but have been found within
other phage species (Desiere et al., 2002). Phage genomes
may acquire novel genes located near the attP-site by
imprecise excision of the prophage (Bru¨ssow and Hendrix,
2002). Thus, fLC3 may have further diverged from r1t and
Tuc2009 by the acquisition of more DNA downstream of
attP (Fig. 1). orf87 may also be regarded as a moron
(Hendrix et al., 2000; Juhala et al., 2000). This is based
on the following observations; i) it contains a low GC-
content (31.1%) and ii) it is transcribed from its own
promoter P87 and is followed by a transcriptional terminator
(Blatny et al., 2003).
Outlook
To our knowledge, fLC3 is the second temperate lacto-
coccal phage reported to be a member of the r1t-like group.
fLC3 seems to be a chimeric phage consisting of the
lysogeny/lysis genes of Tuc2009 and the structure-related
r1t, while its replication module seems to be unique. This
suggests that fLC3 might be regarded as a genetic link
between r1t and Tuc2009 and that the divergence of
Tuc2009 and r1t was mediated through fLC3. Tuc2009
and r1t are also linked to bIL285 at the protein level (Labrie
and Moineau, 2002). fLC3 and r1t may have a common
ancestor and may have been in genetic contact during their
evolutionary history. The high similarity shared among
fLC3 and r1t proposes that the recombination events that
brought in the less similar segments probable have occurred
in the recent evolutionary past of these phages, such that
some of the mosaic joints might be the primary result of the
recombination events that created them.
Comparison with prophages of S. pyogenes
The genomes of fLC3 and r1t are similar in size to the
370.3 (33.5 kb), 8232.4 (35.4 kb) and 315.3 (34.4 kb)
prophages of the S. pyogenes strains SF370, MGAS8232
and MGAS315, respectively, but smaller than the Sfi11-like
lactococcal and streptococcal phages. A 48% identity was
found between fLC3 and 370.3 over the entire genome.
fLC3 and r1t are linked to the streptococcal prophages over
the putative products of the DNA packaging and morpho-
genesis modules and show a similar genetic organization
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lactococcal and streptococcal Sfi11-like phages including
Tuc2009, TP901-1, 370.2, and 370.1 (Canchaya et al.,
2002; Desiere et al., 2001b). Thus, the r1t-like phage group
also includes the 370.3, 8232.4 and 315.3 phages.
When comparing the overall similarity shared among
intraspecies phages (i.e. either lactococcal or streptococcal
phages) within the same phage group, some higher similarity
is shared among the streptococcal phages compared to that
found for the lactococcal phages of the r1t-group (Fig. 1B).
The Sfi11-like phage group shows a lower degree of simi-
larity between intraspecies phages compared to the r1t-like
group (Canchaya et al., 2002; Desiere et al., 2001b). Signif-
icant similarity is shared among the structural genes of
interspecies r1t- and Sfi11-like phages, while intraspecies
phages are linked over their tail fibre genes (Fig. 1; Canchaya
et al., 2002; Desiere et al., 2001b). In general, a higher level
of similarity is found between both inter- and intraspecies
r1t-like phages in comparison with the Sfi11-like phages.
The high sequence similarity among the r1t-like phages
suggests that these phages may not have been subject to a
large set of recombination events or may have a common
ancestor. The similarity shared between phages from strep-
tococci and lactococci might not be so surprising due to their
rather close evolutionary distance (Schleifer et al., 1985).
Interestingly, the ubiquitous dut gene (encoding dUTPase)
conserved among temperate lactococcal phages was not
found among the S. pyogenes prophages analyzed in this
study. Also, fLC3, 370.3 and 315.3 does not contain an
intron within the putative TMP, in contrast to r1t and 8232.4
(Fig. 1B). The intron in 8232.4 and r1t is located at the same
position in the putative TMP, and the N-terminal part of TMP
is more conserved than its C-terminal part. Deletions in the
TP901-1 TMP protein reduce the tail structure and the
adsorption ability of TP901-1 (Pedersen et al., 2000), and
it may be possible that the intron has a similar affect on r1t
and 8232.4.
The high protein similarity of the putative HNH, portal
protein and terminase shared between fLC3 and 370.3
indicated that these products may be conserved among
lactococcal and streptococcal phages (Fig. 1B). The amino
acid residues conserved in zinc liganding for phage HNH
proteins proposed by Crutz-Le Coq et al. (2002) were found
in the streptococcal prophages (data not shown). Protein
similarity was also shared between some of the putative
structural gene products with S. agalactiae 2603V/R and S.
mitis phage SM1 (Table 1).
Conserved regions among lactococcal and streptococcal
phages
We have identified several fLC3 regions conserved
among P335 phages; the 196 bp non-coding region up-
stream of orf225, regions covering either the entire or a part
of rusA, orf110, orf190, ant (C-terminal), orf286 (C-termi-
nal) and nps (N-terminal), in addition to parts of orf17-18r1t (Labrie and Moineau, 2000) (i. e. the terminal regions of
fLC3 orf225), int (O’Sullivan et al., 2000), orf173 (sie)
(McGrath et al., 2002) and dut (Labrie and Moineau, 2002).
The fLC3 region containing trac-P95 shared DNA identity
with f31 (Walker et al., 1998), r1t and bIL311. These DNA
regions might be useful for detection and identification of
P335-like phages, prophages, or remnants of prophages in
L. lactis.
A 32 bp sequence seemed to be conserved among the r1t-
like lactococcal and streptococcal phages (Fig. 1B), in
addition to the S. pyogenes strain Manfredo (uncomplete
sequenced genome). This conserved sequence is located at
the same genomic position in all five phages and at the gene
border between two orfs in (within orf54 of fLC3), and was
not found elsewhere in the genome of S. pyogenes strains
SF370, MGAS8232, MGAS315 and Manfredo, or in other
P335 phages analyzed in this report. Also, a 30 bp region
located downstream of the putative terminase seemed to be
conserved among the r1t-like phages (Fig. 1B). These
sequences might be used as potential targets for identifica-
tion of r1t-like phages/prophages in streptococci and lacto-
cocci. The unique DNA regions found in the fLC3 genome
(Fig. 1A) may be useful in identifying fLC3-specific
regions among other lactococcal phages.
Genetic exchange, repeats and potential transcriptional
terminators
fLC3 contains 14 non-coding regions (larger than 50 bp)
which all shared identity to similar positioned intergenic
regions of P335 phages. Some of these regions may be
potential borders of gene exchange. Sharp nucleotide se-
quence transitions were observed at several gene boundaries
generating the mosaic structure of fLC3, such as between
orf63/cro, orf110/orf82, rusA/orf79-a, orf106/orf178 and
por/orf254. These junction zones are probably due to
illegitimate recombination (Juhala et al., 2000). Potential
transition zones for recombination within protein-encoding
genes of fLC3 were found in ORF286 (codon 82), Ant
(codon 105), ORF346 (codon 101), BPP (codon 214) and
NPS (codon 417 to 559) (see also Crutz-Le Coq et al.,
2002).
The fLC3 orf63 and the Tuc2009 orf23 genes are
flanked by two 15 bp (R1) and 16 bp (R2) repeats,
respectively, suggesting that these genes may have been
inserted into the phage genome by homologous recombina-
tion (Fig. 1A). One single copy of these repeats is located at
the start of the Tuc2009 cro-like gene and between orf225
and orf190 of fLC3 that could represent remnants of an
orf63 and orf23 deletion in fLC3 and Tuc2009, respective-
ly. On the contrary, the presence of one copy of the repeat
may represent a target site for insertion of orf63 into
Tuc2009 or orf23 into fLC3.
Two 42 bp repeats (R3) are located within orf63 and
orf57 (Fig. 1A) and flank the lytic gene cluster of the
lysogeny module, suggesting that this gene cluster has
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may partly explain the protein similarity between ORF63
and ORF57 (Table 1). orf57 and orf110 might not be of
bacteriophage origin since homology is found to equiva-
lent gene products of the L. lactis strain SMQ-86 (Table
1). Thus, it might be possible that the fLC3, when
established as a prophage, has acquired these genes from
the bacterial chromosome, or that orf63 was duplicated and
subsequently diverged, resulting in orf57. Also, the orf57
and orf110 homologs in SMQ-86 might be prophage-
encoded/prophage remnants. This may also be the case
for orf245 and orf346.
The C-terminal part of orf190 contained three small
regions (25 to 43 bp) separated byf150 bp. These regions
were found among several lactococcal phages and within
the abiN (abortive phage infection) operon of the L. lactis
strain S114 (Pre´vots et al., 1998). Four small regions (20–
46 bp) located in the fLC3 orf89-orf112-orf106 segment
were also found in r1t, TP901-1, bIL285 and BK5-T. These
regions may represent junction points for integration and
rearrangements of DNA mediated by homology-facilitated
illegitimate recombination (de Vries and Wackernagel,
2002). A speculative model for the exchange of DNA
among these phages is shown in Fig. 4.
The 30 and 32 bp regions conserved among the r1t-like
phages (Fig. 1B) were adjacent to potential stem–loop
structures that might act as putative transcriptional termi-
nators, suggesting that the genomic location of the termi-
nators also might be conserved among these phages. A
mosaic border is present downstream of the putative HNH
and terminase genes in which the subsequent gene showed
less similarity, if any, between phages of interspecies than
intraspecies (Fig. 1B). Apparently, the 30 and 32 bp regions
may have been targets for recombination between strepto-
coccal and lactococcal phages.
Regions of 42 and 51 bp, respectively located at the
fLC3 orf112/orf106 gene border and downstream of BK5-T
orf56, form stable secondary stem–loop structures (BK5-T :
DG = 12.2 kcale/mol and fLC3: DG = 9.8 kcale/mol).Fig. 4. A speculative model for the origin of the L. lactis fLC3 orf89, orf112
lactococcal phage r1t, TP901-1 (grey), bIL285 (thin black lines) and BK5-T (dot
noted phages.These regions include one copy of a 21 bp repeat (the 21 bp
repeats flank orf56) and a conserved 20 bp sequence. These
two elements are separated by 1 and 10 bp in fLC3 and
BK5-T, respectively, generating the differences in the puta-
tive stem–loop structures. Stem–loop structures resembling
potential transcriptional terminators were also found close to
mosaic boundaries downstream int, ant, orf57, orf346,
orf112, hnh, terL, lysB and orf87. We therefore propose
that such structures, either alone or together with small
identical DNA sequences, might attract recombination.
Short regions (30–102 bp) defining gene boundaries and
close to putative transcription terminator sequences have
also been identified in lambdoid phages (Clark et al., 2001).
Perspectives
fLC3 can be aligned to r1t, Tuc2009 and TP901-1 over
more than half of its entire genome. The horizontal ex-
change of genetic material between phages and phage/host
seems to be obtained by a combination of homologous,
illegitimate and homology-facilitated illegitimate recombi-
nation resulting in a different degree of relatedness between
phages. The high degree of similarity between the isolated
dairy lactococcal phages may reflect their presence in a
more defined environment compared to the collection of
lambdoid phages.
Complete sequencing of the pathogenic S. pyogenes
GAS strains SF370, MGAS8232 and MGAS315 revealed
that phages constitute 7–12% of the genome (Beres et al.,
2002). Similar is found for the genome of the E. coli
pathogenic O157 Sakai and laboratory K12 strains (Ohnishi
et al., 2001) and the genome of the L. lactis subsp. lactis and
subsp. cremoris strains IL1403 and MG1363, respectively
(Chopin et al., 2001; Klaenhammer et al., 2002). Appa-
rantly, phages account for a major genome diversification
among several bacterial species, and probably contribute to
several of their phenotypes (Husson-Kao et al., 2000;
Lepeuple et al., 1998; O’Sullivan et al., 2000). Further
sequencing of bacteriophages and bacterial genomes ofand orf106 by homology-facilitated illegitimate recombination with the
ted lines). Thick black lines indicate homologous regions found within the
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elements involved in the diversity of phage and bacterial
species.Materials and methods
Bacterial strains, plasmids and bacteriophages
Escherichia coli DH5a was grown in Luria-Bertani (LB)
broth (Sambrook et al., 1989) and L. lactis IMN-C3 in M17
broth (Terzaghi and Simone, 1975) with 0.5% (wt/vol)
glucose, at 37 jC. When required, 100 Ag/ml ampicillin
was added to the growth medium for selection of E. coli
transformants. Solid media contained 20 g of agar per liter.
E. coli was made competent by CaCl2 and transformed with
plasmid pGEM7f+ (Sambrook et al., 1989).
DNA manipulations and PCR amplification
fLC3 phage DNA was isolated from the lysogenic L.
lactis IMN-C3 strain as described by Lillehaug et al. (1991).
Plasmid DNA from E. coli was isolated by the alkaline lysis
protocol (Sambrook et al., 1989) or by using the Qiaprep
Spin plasmid miniprep kit (Qiagen). DNA fragments were
amplified using the Taq DNA polymerase (Qiagen) or the
Platinum Pfx DNA polymerase (Life Technologies) for
longer DNA fragments according to the recommendations
of the supplier and phage DNA was used as a template. An
initial denaturation step at 98 jC for 3 min was included. All
other standard techniques were performed according to
Sambrook et al. (1989).
Library construction and DNA sequencing
A random library of fLC3 DNA fragments was
constructed in E. coli. fLC3 phage DNA was digested
with HindIII, HincII or SphI and fragments with a size
range of 0.4 kb to 3.5 kb were cloned into pGEM7f+
digested with the same restriction enzymes. About 90
clones with inserts were sequenced determining almost
90% of the entire fLC3 genome. The gaps were closed
by PCR across the unknown region and direct sequencing
of the reaction products. Only six amplified DNA frag-
ments (0.1–1.3 kb) were needed in order to complete the
sequence of phage genome. DNA sequencing was per-
formed by using the Big Dye Terminator Ready Reaction
cycle-sequencing kit and the ABI-377 sequencer from PE-
Applied Biosystems. The standard forward and reverse
primers complementary to portions of the multiple cloning
sites in pGEM7f+ were used for sequencing of the DNA
inserts. When necessary, additional primers 18–25 nt long
with an estimated Tm above 56 jC were designed for
sequencing by primer walking. In general, a standard
protocol was used for DNA sequencing; denaturation 96
jC 10–30 sec, annealing 50 jC 5–15 sec, elongation/termination 60 jC 4 min. The complete sequence of
fLC3 is located in GenBank with the accession number
AF242738.
Sequence analysis
Sequences were assembled by using the Autoassembler
program (Applied Biosystems) and checked for the presence
of vector sequences using VecScreen (http://www.ncbi.nlm.
nih.gov/VecScreen/VecScreen.html). Putative ORFs were
identified by using the GeneMark (http://www.opal.biology.
gatech.edu/GeneMark/heuristic_hmm2.cgi), the OrfFinder
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html) and the Arte-
mis (http://www.sanger.ac.uk/Software/Artemis/) programs.
The following criteria were taken into account for ORF
prediction; the length of an ORF (>50 amino acids),
translational start sites of ATG, TTG, GTG, ATC or ATA,
a ribosome binding site (RBS) complementary or partly
complementary to the 3Vend of 16S rRNA of L. lactis
(Ludwig et al., 1985) and minimizing intergenic regions.
The identification of putative ORFs was also based on
homology to other phage-encoded proteins found in the
databases. The molecular weight was calculated by the
ExPasy Protparam program (http://www.expasy.ch/tools/
protparam.html). Sequence alignments was performed by
Vector NTI (Vector NTI 8, InforMax, Inc.). Database
searches were performed by using Blast 2.0, PSI-BLAST
(http://www.ncbi.nlm.nih.gov/BLAST), Pfam and Prodom
protein domain server (http://www.pfam.wustl.edu/ and
http://www.prodes.toulouse.inra.fr/prodom/2002.1/). He-
lix–turn–helix (HTH) motifs were compiled by using the
server (http://www.npsa-pbil.ibcp.fr). RNA secondary struc-
tures, stem–loop transcriptional terminators and energy
calculations (DG kcal/mole) were identified by the use of
Mfold (http://www.bioweb.pasteur.fr/seqanal/interfaces/
mfold-simple.html). The Dot plot matrix was calculated
using the Genetics Computer Group program package,
version 10.1 (Wisconsin Package Version 10.1, Genetics
Computer Group (GCG), Madison, Wisc).Acknowledgments
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